Cold-Cathodes for Sensors and Vacuum

I. Introduction Microelectronics
The major thrust of this project was to study the properties of amorphous carbon (a-C) films for the later development of new cold-cathode electron sources for vacuum microelectronics (VME) devices. These include intrinsically radiation-hard "vacuum tubes on a chip", as well as electron sources for miniature mass ionizers for advanced microsensors. There does not exist a fundamental understanding of why these a-C films are such good electron emitters. We combine carbon fdm growth and characterization for the study of carbon-based cold-cathode electron emission.
Existing emitter technologies use Spindt microtips fabricated molybdenum. The fabrication of these tips is both time-consuming and from either silicon or expensive. In addition, the high local electric fields generated during operation of emission tips can cause erosion of the tip surface, limiting its useful lifetime.
Amorphous carbon films, developed in part by Sandia, demonstrate both the required superb emission properties and compatibility with existing microelectronics fabrication. Use of these new materials for cold-cathode electron emission represent a leap-frog technology. Our challenge is to understand the emission mechanism and to utilize the knowledge for the eventual development of optimized materials for stable, robust device structures.
The amorphous-carbon bonding networks allow conformal coatings that are ultra-hard and chemically-resistant on most surfaces. These materials are deposited at roorn-tenzperature.
Growth energetic control and determine the resulting bonding. Materials properties such as electrical conductivity, dielectric permittivity, optical absorption, and hardness are each tunable over a wide range. VME devices are expected to offer conventional solid-state microelectronics.
a level of radiation hardness impossible to obtain in VME device performance (high-voltage, high-power and high-speed) should be comparable to that of a vacuum tube, but on a size scale useful for integrated circuits. These simple VME devices could therefore be integrated into nuclear weapon and reactor environments that are too aggressive for any current or foreseeable alternative technology.
Miniature ion mobility and mass spectrometers can be made by substituting the hot filament in the ionizer of conventional spectrometers with a cold-cathode emitter, simultaneously reducing both power and size requirements. In addition, the use of a cold-cathode electron source will eliminate molecular cracking and reactions associated with hot filaments that interfere with interpretation and quantitative analysis. This approach is an essential feature for monitoring waste streams where mixtures of complex organic molecules are common. In addition, miniaturization will permit operation at ambient pressures (several orders of magnitude higher than conventional mass spectrometers). These advances in miniaturization open up new classes of mass spectrometer applications for self-monitoring weapons and storage environments.
While a-C has demonstrated excellent emission properties, i.e., high emission currents at low applied voltages at room temperature, an understanding of the relationship between growth energetic, atomic bonding structures, materials properties and electron emission, does not exist.
Amorphous-C films are deposited at room temperature onto nearly any substrate material and have atomically smooth morphology. Pulsed-laser deposition (PLD) is used to grow a-C thin films. Film bonding structures are extensively stmiied using Raman spectroscopy and x-ray reflectivity. Electrical transport measurements were made to better understand fti conductivity.
Electron emission properties were measured using scanning probe methods.
.
II. Raman Spectroscopy of Amorphous Carbon
Amorphous carbon is an elemental form of carbon with low hydrogen content, which may be deposited in thin films by the impact of high energy carbon atoms or ions. It is structurally distinct from the more well-known elemental forms of carbon, diamond and graphite. It is distinct in physical and chemical properties from the material known as diamond-like carbon, a form which is also amorphous but which has a higher hydrogen content, typically near 40 atomic percent. Amorphous carbon also has distinctive Rarnan spectra, whose patterns depend, through resonance enhancement effects, not only on deposition conditions but also on the wavelength selected for Raman excitation. This section provides an overview of the Rarnan spectroscopy of amorphous carbon and describes how Raman spectral patterns correlate to film deposition conditions, physical properties and molecular level structure.
The elemental forms of carbon include a range of structures whose end members are diamond and graphite. In diamond the carbon atoms are four-coordinated and connected by bonds with o-character (single bond order) in an sp3 (tetrahedral) configuration. Graphite is composed of stacked, planar sheets of six-membered rings of three-coordinated carbon.
Graphitic carbon has conjugated single and double bonds in a (n-bonded) Spz configuration. The stacking of planar sheets of six-membered rings is integral to the structure of graphite and affects both its properties and its spectroscopic signature.
Carbon films deposited by the impact of high energy carbon atoms or ions, which are accelerated from a graphite target by pulsed laser ablation [1, 2] or a filtered arc [3] , can form an amorphous matrix with a complex mo~ecular structure. First principles theoretical simulations of this amorphous carbon film (also known as amorphous tetrahedral carbon [4] [5] [6] ) predict a rich variety of hybridized bonding which is not like that of diamond (sp3) or graphite (sp2) but . . includes three-fold coordinated and four-fold coordinated carbon atoms. For depositions utilizing higher energy excitation conditions, the four-coordinated carbon atoms are in the majority. Estimates of four-coordinated carbon comprising up to 80% of the total species have been made (see, e.g., [7] ).
Raman spectra of elemental carbon reflect the differences in bonding of the different forms. Figure 2 .1 shows the Raman spectra of crystalline diamond, an amorphous carbon film, nanocrystalline graphite and graphite with rnicroscale to macroscale crystalline domains. These spectra were obtained using excitation at visible wavelengths. Diamond has a single Raman band in this frequency region, peaking at 1332 cm-l. Graphite has a Raman band due to a Brillouin-zone-center phonon at 1578 cm-' (the "G band) and a Raman band peaking near 1350 cm-l (the "D" band), which is due to a zone-edge phonon that becomes symmetry-allowed in the reduced-symmetry environment at the edges of graphite crystals [8] . The Raman bands of graphite are enhanced in intensity with visible excitation by the interaction of electronic (z+z*) transitions with vibrational transitions, such that Raman spectra of sub-micrometer thicknesses of graphite are easily obtained. Diamond Raman bands do not experience resonance enhancement with visible excitation, since vacuum ultraviolet wavelengths are required to access the (a+o*) electronic transitions of diamond.
Graphite retains its structure of stacked planes of six-membered carbon rings even with domain sizes down to nanometer-scale dimensions, and the Raman spectra of "nanocrystalline" graphite show broadened bands and enhanced intensity in the "D' band [9] . The double-banded structure shown in the Raman spectrum of Figure generally not present in the Rarnan spectra of amorphous carbon (see Figure 2 . 1). Rather there is a broad band of complex shape, peaking from 1500 to 1570 cm-], whose peak position and shape vary with deposition conditions. There appear to be a multiplicity of three-coordinated carbon structures contributing to the Raman spectra, whose distribution varies in relation to the properties of the amorphous carbon fti.
There is less resonance enhancement of the three-coordinated carbon structures with ultraviolet excitation. Rarnan spectra of amorphous carbon films show enhanced intensity in a broad band peaking at 1100 to 1200 cm-l, which has been interpreted as being due to fourcoordinated carbon structures [7, 10] . Apparently, the reduction in intensity of the Rarnan bands due to three-coordinated carbon structures permits the observation of Raman bands due to fourcoordinated carbon structures. Thus, Raman with ultraviolet excitation is useful for detecting differences in the ratio of four-coordinated to three-coordinated carbon structures in amorphous carbon.
The carbon films whose spectra are displayed in this paper were deposited on silicon wafer substrates by pulsed (248 nm) laser ablation off a graphite target in vacuum [2] . Raman spectra were obtained using an argon ion laser for excitation (visible and near ultraviolet wavelengths).
A triple spectrograph and charge-coupled-device detector were used to record the Raman spectra. . In addition to a broad carbon Raman band peaking between 1500 and 1600 cm-l, there is a flat-topped Raman feature between 900 and 1000 cm-l, which is a secondorder phonon band from the silicon substrate. The silicon Raman band increases in intensity with increasing deposition energy. The increase in silicon Raman band intensity implies that the films become more transparent as the deposition energy increases. Film thickness also affects the appearance of Raman spectra of amorphous carbon. In Figure 2 .3 we show spectra of two films, both deposited at 44 J/cmz, one of which was grown to a thickness of 7 nm and the other to a thickness of 200 nm. The spectrum of the thicker film has the appearance of the films in Figure 2 . But the carbon Raman band of the thin (7 nm) film peaks at a significantly lower frequency (1405 cm-l) and is broadened asymmetrically to lower frequency, much like those carbon Rarnan bands deposited at lower energies (Figure 2 .2). Clearly the 7-rim film is dominated by an interracial layer which is different from the bulk of thicker films. The composition of the layer is not known for 'sure, but it may have a relatively high proportion of three-coordinated carbon --atoms, as if it were "deposited at a lower deposition energy. Alternately, the incorporation of silicon atoms could explain the downward shill in frequency of the carbon Raman band. Silicon atoms are more massive than carbon, and Si-C bonds are less strong than C-C bonds. Both higher mass and lower bond strength result in a lower vibrational frequency.
Although three-coordinated structures tend to be in the minority in carbon films, their Raman spectra reflect changes not only in their structures (Figure 2 .2) but also in the physical properties of the film. In Figure 2 .4 we plot densities of carbon films, as predicted by Raman spectra, versus densities obtained by fitting glancing angle x-ray reflectivity curves. Density (g/cm3) Figure 2 .4: Density of carbon films predicted by Raman spectra versus measured by x-ray diffraction. The prediction was done by multivariate partial least squares analysis.
The prediction of the densities was performed by multivariate partial least squares (PLS) analysis, which decomposes the Raman spectra into a set of components (like partial spectra)
that are common to all the spectra and that correlate to the density. These components are used to reconstruct each Raman spectrum by summing the components with different scaling factors. >.. The combination of spectral components and scaling factors forms a calibration file. The prediction also used cross validation. In cross validation one spectrum is excluded from the set of samples, and a calibration is constructed using the remaining spectra in the set and the measured densities. This "partial" calibration is then used to predict the density of the excluded sample from its Raman spectrum. The process is repeated for all the samples, resulting in a predicted density for each sample. If we plot predicted versus measured densities for each sample in the set (Figure 2.4) , the result is ideally a line with a slope of 1, passing through the zero intercept, and with all the data points on the line. The correlation coefficient (Rz, which should be close to 1.00) measures how much the points deviate from the ideal line. The RZ=0.93 , * for the data in Figure 2 .4 indicates a high correlation between density and the Raman spectra of three-coordinated carbons. A higher correlation (R2=0.98) was obtained between Rarnan spectra of the three-coordinated carbon and the as-deposited stress in the _film. Stress increases with deposition energy and is believed to also be related to proportion of four-coordinated carbon [1 1] . Less error is expected in the measurement of the stress than in the density measurement.
Raman spectra obtained with visible excitation wavelengths show changes in the transparency of the film and the distribution of structures incorporating three-coordinated carbon atoms as function of deposition energy. The carbon Raman band patterns from structures incorporating three-coordinated carbon atoms correlate to the density and the stress in the films.
Thus, the distribution of structures incorporating three-coordinated carbon atoms reflects, at least to some extent, the overall structure and properties of the carbon film, and their Rarnan spectra is a useful characterization tool.
RAMAN WITH ULTRAVIOLET EXCITATION
Shifting the Raman excitation wavelength to ultraviolet wavelengths reduces the resonant enhancement associated with X+X* electronic transitions and decreases the extent to which structures incorporating three-coordinated carbon atoms dominate the Raman spectra. Raman experiments utilizing deep ultraviolet (244 nm) excitation have shown the appearance, in the Raman spectra, of a broad band, peaking at 1100 to 1200 cm-l, whose intensity correlates with the proportion of four-coordinated carbon atoms in the films [7, 10] . It is believed that the reduction in the intensity of the resonantly enhanced Raman bands from structures incorporating three-coordinated carbon atoms permits the observation of Raman bands due to four-coordinated carbon atoms. It is not yet clear whether the c$+cT* electronic transitions of the four-coordinated carbon atoms extend far enough out of the vacuum ultraviolet to result in significant resonance enhancement witk wavelerqghs above 200 nm.
We have recently developed a capabili~ for ultraviolet Raman and have obtained a Rarnan spectrum of a carbon fdm using near ultraviolet (364 nm) excitation (see Figure 2 .5). Compared to a Raman spectrum of the same film obtained with visible (514 nm) excitation, the nearultraviolet-excited spectrum shows an additional, broad Rarnan band extending from 900-1400 cm-l. Also, there is a shift, with ultraviolet excitation, of the three-coordinated carbon band peaking near 1600 cm-' to higher frequency. Such shifts have been previously reported [7] .
These preliminary results suggest that even at this ( Using ultraviolet excitation it is possible to record a Raman feature (the band peaking at 1100 to 1200 cm-*) which is associated with four coordinated atoms in amorphous carbon films.
In the spectra reported thus far, this feature does not appear to shift in peak frequency or change in shape to the same extent as the Rarnan bands from to three-coordinated carbon structures.
However, this Raman band provides a means, through its intensity changes, of directly monitoring changes in the proportion of four-coordinated carbon atoms.
-? .-
IMPLICATIONS OF RAMAN SPECTRA FOR CARBON FILM STRUCTURE Four-Fold Coordinated Carbon
Ultraviolet-excited Rarnan spectra include a broad band peaking at 1100 to 1200 cm-l, which has been associated with four-coordinated carbon. No definitive experiment has been performed to date to define the structure of the matrix component composed of four-coordinated carbon, but enough is known to suggest its molecular structure. First of all, it is not a crystalline (or nanocrystalline) form of diamond. Raman spectra of "cluster diamond", a form of crystalline The Raman peak in silicon shifts downward from near 520 cm-l to the vicinity of 480 cm-l with a transition from a crystalline to an amorphous matrix. The decrease in frequency is due to an increase in bond lengths in the amorphous state. A proportional shift from the crystalline diamond peak (1332 cm-') would result in an amorphous diamond band peaking near 1230 cm-l.
Thus, the Raman band which is observed in ultraviolet-excited Raman spectra of amorphous carbon films and which increases in intensity with the amount of four-coordinated carbon is consistent with the Raman feature which would be expected from amorphous diamond.
Three-Fold Coordinated Carbon
The complex changes in the deposition conditions (see Figure   Raman spectra of amorphous carbon films as a function of 2.2) when the spectra are excited by visible wavelengths suggest that the structures incorporating three-coordinated carbon atoms may be large and complex. One possibility is that the three-coordinated carbon atoms are assembled into chains which have conjugated n-bonding. This possibility is supported by theoretical simulation [4, 6] and measurements of electronic transport [14] , which suggest an average chain length of 13 atoms. Polyvinyl chloride (PVC) is a polymer which spontaneously generates conjugated polyene chains when it degrades by evolution of hydrogen chloride:
Rarnan spectra of degraded PVC show resonance enhancement, with green excitation wavelengths, of bands from the conjugated chains when the chains reach about 17 polyene units in length (n=17, or 34 carbon atoms [15] ). Two relatively narrow (about 30 cm-l linewidth), approximately equal intensity, Raman bands appear resonantly enhanced in the spectra of degraded PVC. These bands peak about 1100 and 1500 cm-l. The Raman band pattern of PVC, with relatively narrow bands of equal intensity peaking near 1100 cm-l and 1500 cm-l, cannot account for the Raman spectra of Figure 2 .2, whose broad features peak from 1535 cm-* to 1570 cm-l. We recognize that the Rarnan spectra in the PVC polyene units may be affected by the presence of hydrogen. However, even the Raman spectra of hydrogen-rich diamond-like (amorphous) carbon more closely resembles the Raman spectra of the low-deposition-energy films of Figure 2 .2 than that of degraded PVC. It is probable that polyene-hke chains exist in amorphous carbon films, but they don' t appear to be the primary source of the amorphous carbon Raman bands. =..,, . .
Another possible set of structures incorporating three-coordinated carbon atoms include sheets made up of n-bonded rings composed of five, six or seven carbon atoms. Fullerenes and nanotubes [16] include these types of rings, with the six-membered components forming flat sheets and the five-and seven-membered components providing curvature. These complex structures may include tens to hundreds of carbon atoms in sheets or ribbons, v'hich may be too large to model with simulation protocols that use 100-300 atoms per unit cell [4] [5] [6] . While no experimental confirmation of the presence of n-bonded rings exists, theoretical calculations [17] have predicted the Raman frequencies of five -to seven-membered, n-bonded carbon rings.
Using a vibrational mode of Ez, symmetry peaking at 1569 cm-' to represent six-membered rings,
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plus modes of Al. symmetry at 1444 cm-l (five-membered rings) and 1303 cm-' (seven- Normalized integrated intensities of the calculated vibrational modes fitted to Rarnan spectra of amorphous carbon films deposited at 5 -125 J/cm2. Squares -sixmembered rings (1569 cm-'); diamonds -five-membered rings (11 00 cm-1 and 1444 cm"'); and triangles -seven-membered rings (1303 cm-l).
The results of the fitting procedure, as shown in Figure 2 .7, indicate that, as the deposition energy increases, so does the proportion of six-membered rings at the expense of five-and seven-membered rings.
Since the overall proportion of structures incorporating threecoordinated carbon atoms also decreases with increasing deposition energy, it appears that flat sheets of six-membered carbon rings are favored when the overall proportion of threecoordinated carbon atoms is low, and the three-coordinated carbon structures are likely to be smaller and more isolated. At low deposition energies and, consequently, a higher proportion of three-coordinated carbon, the larger and more densely packed three-coordinated carbon structures tend to incorporate more five-and seven-membered rings, which impart curvature to their surfaces. One can rationalize this behavior by considering the alternative to an increase in the proportion of five-and seven-membered rings with increasing three-coordinated carbon.
Sheets of (flat) six-membered carbon rings, present in high density, can be expected to stack, correlates to physical properties of the carbon film, such as density and internal stress, and it is apparently related to changes in the distribution of three-coordinated carbon structures.
Calculated Raman spectra of small, n-bonded carbon rings reproduce the experimental data well, but conjugated chain structures may also be contributing to the observed Raman features.
Raman spectra of amorphous carbon are rich in information, much of which we do not yet know how to interpret. Definitive experiments which will completely characterize the structure of amorphous carbon have yet to be carried out.
III. Structural Characterization of the Thermal Evolution of Amorphous Carbon Films
Amorphous carbon (a-C) films are of interest due to their high thermal stability, good tribological properties and low-electric field cold-cathode emission. 'A significant drawback for the use of these films in electronic applications is the several GPa high residual compressive stress present in as-grown films. We reported recently that thermal annealing to 600 "C of a-C films grown by pulsed laser deposition (PLD) reduces the as-grown film stress to negligible levels and that some stress reduction occurs at annealing temperatures as low as 100 OC.
[l]
The above study also showed that stress reduction occurs without changing significantly the optical transparency or the electrical resistivity of the films. Other work on amorphous carbon (a-C) films indicated that a-C density decreases with increasing annealing temperature. [2] We present the results of a structural evolution on a-tC fdms on Si(100) prepared using PLD and subsequently annealed for two hours at temperatures ranging from room temperature to 600 "C.
The evolution is studied using a combination of x-ray reflectivity and small angle scattering.
The fdms exhibit a decrease in density with increasing annealing temperature, similar to the one exhibited by a-C films. In addition, the films exhibit an evolution in both surface and interface roughness with annealing temperature. A small angle scattering si=mal, observed as a function of deposition energetic in similarly prepared samples changes position as a function of temperature. [3, 4] We use PLD to grow a-C films onto Si( 100) wafers from a rotating pyrolytic graphite target with 248 nm excimer pulsed-laser radiation (KrF). The details of the deposition process are similar to those described elsewhere. [5] Films nominally 90 nm thick are grown in a vacuum chamber with base pressure < 10-7 Torr with laser energy density = 45 J/cmz. The Si substrates are precleaned with acetone, methanol, and a brief immersion in dilute HF prior to deposition.
Post-deposition'~errnal annealing is performed using a commercial rapid thermal processing system in 630 Tom Ar gas (atmospheric pressure in Albuquerque, NM) in a fused silica chamber with external heating lamps. Similar a-C films are thermally treated at temperatures ranging from 200 to 600 'C for two hours each. Two hour anneals were found to saturate the stress relief for a given temperature.
The x-ray studies were performed using the Cu IQ 1 radiation from an 18 kW rotating anode source with a resolution of 0.000 lA-1. The resulting reflectivity curves were fit to the Fresnel interference curve for a film of finite thickness d. The small angle signals were fit to Gaussian curves. Theresulting fitdlows ustoextiact infomation onthedensi~, thoroughness and the thickness of the films, as well as the position evolution of the small angle signal. The refled'tivity curves are fit to a function, . .
where Rj(e) is the Fresnel reflectivity curve of a film with two interfaces, ~j is the roughness of the interfaces, q is the scattering wavevector, Ai are constants and G(qi) is a Gaussian function of width Aq. [6] The function f(Rj(e),exp(-uj2qz)) describes the reflectivity of a number of multilayers. All films are fit to two Gaussians, centered about 0.05~-*, and O. 14~"1 respectively.
The films annealed at 500 'C and 600 'C were also fit to a multilayer reflectivity curve. Table I shows the values obtained for the density p, the film roughness c, and the position of the small angle peak obtained from the fits. Table I shows that the roughness of the film increases from being atomically smooth [7] for the as-grown film to a magnitude of approximately 1 nm at 200 "C, and then decreasing monotonically above this temperature. Atomic smoothness is recovered by 600 "C. The shape of the reflectivity curve is also affected by the presence of a small scattering peak near 26 = 2° (q = O. 14A-1), present in all samples. The feature is related possibly to a quasi-periodic array of scattering sites with a spacing in the order of 4 nm. This feature may have its maximum slightly off the reflectivity axis. The spacing corresponding to this feature changes as a function of annealing temperature, as observed in Figure 3 .1 and Table I . It achieves its smallest value at 400 'C, the same temperature at which the magnitude of the changes in resistivity and density decrease. The decrease in the spacing value correlates with the increase in film roughness observed in these films: the increase in spacing observed above 400 "C coincides with the recovery of atomic smoothness in the samples. This feature has been observed previously in the study of a-C as a fimction of PLD growth energetics. [3] A report on the evolution of this feature as a function of these growth energetic will appear elsewhere. [4] We note that no evidence for the presence of crystalline structure is observed with highresolution transmission electron microscopy, [8] and that Rutherford backscattering spectroscopy and elastic recoil detection analysis find no evidence for the presence of impurity concentrations to 0.01 % atomic levels.
The evolution in roughness and position of the small angle feature as a function of annealing temperature are related apparently to changes in the fdms' structure associated with the increase in the ratio of 3-fold to 4-fold coordinated carbon atoms, although this change has been estimated to be a few percent. [ 1] Other changes contributing to the observed variations are changes at the carbon-substrate interface as the result of the annealing temperatures, as well as the evolution of interracial layers as a function of temperature. Evidence for the latter is the fact that the ftis annealed at 500 'C and 600 'C are fit equally to a multilayer model.
We have studied structural evolution of a-C films grown using PLD and annealed to 600 "C using x-ray reflectivity and small angle x-ray scattering. The films' density decrease correlates with the resistivity decrease and stress release observed previously in similarly annealed films.
The films' roughness and small angle features reflect changes in the ratio of 3-fold to 4-fold coordinated carbon as well as interracial evolution in the films.
IV. The Electronic Transport Mechanism in Amorphous Carbon Films
The electronic transport mechanism in tetrahedrally-coordinated amorphous carbon was investigated using measurements of stress relaxation, thermal evolution of electrical conductivity, and temperature-dependent conductivity measurements. Stress relaxation measurements were used to determine the change in 3-fold coordinated carbon concentration, and the electrical conductivity was correlated to this change. It was found that the conductivity was exponentially proportional to the change in 3-fold concentration, indicating a tunneling or hopping transport mechanism. It was also found that the activation energy for transport decreased with increasing anneal temperature. The decrease in activation energy was responsible for the observed increase in electrical conductivity. A model is described wherein the transport in this material is described by thermally activated conduction along 3-fold linkages or chains with variable range and variable orientation hopping. Thermal annealing leads to chain ripening and a reduction in the activation energy for transport.
Tetrahedrally-coordinated amorphous carbon (a-C, ta-C, a-tC, amorphous diamond, amorphic diamond, etc.) is a medium to wide-gap material (about 1 eV to 2.5 eV) consisting exclusively of carbon (i.e. no hydrogen) with two types of coordination, 4-fold and 3-fold. The band edges have n or Z* character which originate from the 3-fold coordinated component (the bond hybridization of an ideal 3-fold coordinated atom being three spz bonds and one n bond).
The magnitude of the band gap is determined primarily by the splitting in energy between the n and Z* states which itself is determined by the degree of linking or clustering of the 3-fold sites.
The configuration (whether chain-like, cluster-like, etc.) of the 3-fold structures embedded in the 4-fold matrix is not known with any certainty. The most energetically favorable cotilguration is for the 3-fold sites to form compact three-dimensional clusters [1] . However, most recent first principles calculations find that chain-like clustering is the most favored structure with compact (e.g. ring-like) structures being absent [2] [3] [4] . This is presumably due to chain-like structures being kinetically easier to form over compact, closed structures.
There are interesting aspects to the electrical properties of ta-C. Despite having a modest band gap, the material does not behave like a conventional semiconductor. The conduction states are localized [5] , so the apparent carrier nobilities are quite low. While it is possible to modify the conductivity of these materials by incorporating other elements, e.g. N [6] , the efficiency of these dopants are very low and there is no evidence that it is possible to form pn junctions [7] . The low mobility and inability to create electrical junctions by doping hinders the use of this material in certain device applications, e.g. hi-polar field effect transistors. photocells, etc. A more promising application for this material is as an electron emitter material for vacuum field emission devices, e.g. field emission flat panel displays or vacuum microelectronics.
ta-C also differs from conventional semiconductors in that the current conduction through * these materials is spatially inhomogeneous. The measured through-thickness (i.e. perpendicular to the film plane) conductivity varies over a large range (greater than one order of magnitude) * with no systematic trends nor correlation with extrinsic defects (particles, etc.) [8] . Interestingly, spatially resolved electron emission from these materials also shows large spatial variation in emission current which could be related to the heterogeneity in conductivity [9] .
In this work we discuss the electronic transport mechanism in ta-C films. We use an unconventional approach wherein we measure the change in electrical conductivity in the ta-C film with changes in 3-fold carbon concentration. The change in 3-fold carbon concentration itself is determined by modeling the stress relaxation which occurs in these materials as a result of thermal annealing. The advantage of this approach is that it leads to an unambiguous interpretation of the conduction mechanism, and it permits possible identification of the structural changes which occur in the material following thermal annealing.
The ta-C films used in this study were prepared using pulsed-laser deposition with a KrF laser and a graphite target. Deposition was performed in vacuum (better than 1 x 10-6 Tom) up to a film thickness of 100 to 120 nm using a laser fluence of 250 J/cm2. These deposition conditions led to films with density of -3.0 g/ems, as measured by x-ray reflectivity, corresponding to about 70% 4-fold and 30% 3-fold carbon. For stress relaxation measurements, the films were deposited upon 2" Si wafers which were treated prior to deposition by brief immersion in diluted HF. For electrical measurements, the films were deposited upon a layer of TiW (200 nm thick) on Si02 (1 ym) on Si. . .
:.
Thermal annealing was performed ex situ in a rapid thermal annealer in an ambient of flowing Ar. Anneals at successively longer time intervals at the same temperature were performed in order to determine time-dependent changes. The film stress was measured at room temperature following annealing by examining wafer curvature and using Stoney's equation.
Contacts (Ti, followed by Au) were photolithographically patterned on to the ta-C film surface and had areas ranging from 2.5 x 10-s cm-2 to 1.6 x 10-s cm-z. The DC electrical conductivity of the samples was determined by measuring current-voltage characteristics between a top contact and the TiW iayer beneath the ta-C film. A bias range of -50 mV to +50 mV was used. Ohmic conduction was observed within this range. Measurement of the activation energies for electrical transport were made by performing temperature-dependent conductivity measurements over the range 230 K to 380 K. No irreversible changes in electrical conductivity of the samples were observed following cycling through this temperature range. Fig. 4 .1 (a) shows the measured film stress and normalized conductivity in ta-C films following time-temperature annealing. The film stress drops continuously with annealing from a value of about 7 GPa (compressive) in the as-deposited state to zero after annealing at 600"C.
Most film properties show little or no change following complete stress relaxation at this temperature [10] . The conductivity, Fig. 4.1 (b) , does show pronounced change, however. Prior to annealing, the conductivity showed considerable variation from contact to contact, but the median value was -1 x 10-7 (Qcm)-l. Following thermal annealing, the conductivity continued to show large variation from site to site, but after normalization to the initird conductivity, Cinit, approximate universal behavior was observed for all contacts. The data shown in Fig. 4 . l(b) is for contacts that exhibited median behavior.
We have developed a model to explain the stress relaxation which occurs in ta-C following thermal annealing [8] . The model assumes that thermal annealing causes some 4-fold coordinated carbon atoms to convert to 3-fold coordination with first order kinetics and a classical activation barrier, E.A [11] . The stress relaxation arises from the fact that 3-fold coordinated carbon atoms have, on average, shorter bond lengths than 4-fold coordinated atoms (an spz bond is about 8% shorter than an sps bond). The n bond of the 3-fold atom is much longer, however, so that the average volume occupied by a 3-fold atom is larger than that of a 4-fold atom (i.e. conversion leads to a drop in film density [12] ). Because of this difference in spz and sps bond length, strain relief is possible if the newly created 3-fold atoms are oriented preferentially with the shorter spz bonds in the plane of the fdm. The driving force for this preferential orientation is strain energy: due to the biaxial stress state of the film, there is a reduction in strain energy when 3-fold sites are created with the preferential orientation while non-optimal orientations, e.g. with the n bond in the film plane, cause an increase in strain energy. Finally, because the fdms are amorphous, there is a distribution of activation energies, EA, needed to convert 4-fold to 3-fold. In its simplest form, the model time-temperature stress relaxation response is given by Solid line is a fit to the data (the slope is reported for a plot of in(c) vs. EA).
The derived change in 3-fold concentration can be combined with the conductivity data in (2) where K = 100. The temperature-dependent conductivity was also measured for several contacts as a function of annealing temperature. Over the temperature range investigated in this study, roughly linear plots were obtained for both log(conductivity) vs. lfl or log(conductivity) vs l/TCX, where ~ = 1/4, so we can not unambiguously determine the hopping conduction mechanism alone based on temperature-dependent conductivity measurements [1 5] . Using plots of log(conductivity) vs. 1A', we obtain "activation energies" for electronic transport, EA, and . . . . . these are shown in rig. 3(a). Annealing was found to systematically lower the activation ener=~ for transport. Furthermore, the drop in activation energy is sufficient to fully explain the increase in electrical conductivity following annealing, as is shown in Fig. 3(b) .
In Fig. 4.3(b) , the room temperature conductivity is plotted as a function of the measured activation energy for that particular contact. Data for all contacts and for all annealing temperatures are included. Fitting a line through the data, an inverse slope equal to 24.9 meV was obtained. This is close to the value of kBT at room temperature, which indicates that to good approximation, the conductivity for a particular contact, i, ~i, is given by q = 00 exp(-E~, / k~7'), where (s0 is the pre-exponential factor for electrical transport and is constant, = 9 x 10-5 (f2cm)-1, and EA,i is the activation energy for contact i.
Summarizing these results, (1) the measured electrical conductivity of ta-C films is exponentially proportional to changes in 3-fold concentration, AC3-fold, (2) the activation energies for electrical transport are small, but the pre-exponential factors are very small, so the conductivity is low, (3) annealing leads to a systematic reduction in the activation energy for electrical transport, and (4) these changes in apparent activation energy are sufficient to explain the change in conductivity (i.e. the pre-exponential factor does not change). From (1) and (2) it can be concluded that the current conduction mechanism is that of hopping transport [15] .
Within the mechanism of hopping conductivity, several possibilities exist for how annealing may change the electrical conductivity: (i) increasing Acs-fold may increase the number of hopping sites, effectively reducing the mean hopping distance, (ii) increasing AC3-fOld may lead to an increase in the size of the 3-fold clusters or linkages (e.g. ripening) which would also decrease the hopping distance, or (iii) increasing AC3-fold may lower the activation energy for transport, and this leads to the enhanced conduction. From (3) and (4), above, we can conclude that (i) and
(ii) are not the major contributors to the conductivity change with annealing and that the most important effect is (iii). fold chains and ring clusters from ref. [1] and for 3-fold chains embedded in a 4-fold matrix from ref. [3] .
energy needed to hop between chains having z or Z* states at different energies. The measured low values for the activation energies suggests that the Fermi level in ta-C likely lies nea the z states of the longest chains, which is consistent with the reported p-type character of undoped ta-C [6] .
The view of the hopping conductivity that emerges is as follows: (i) carriers are preferentially activated into the longest 3-fold chains or linkages, (ii) carriers tunnel from long chain to long chain (intervening 3-fold chains have larger En.n*, and hence their z and Z* states do not overlap with the n and Z* states of the long chains), but it is also necessary that the z states of the two long chains have similar orientation (the tunnel probability for orthogonal orientations drops to zero), (iii) thermal annealing causes chain ripening, and (iv) as chains lengthen, En-xx decreases and the activation energy for transport decreases. The hopping conductivity cti-be, thought of as being both variable range and "variable orientation" -this last point referring to the orientational disorder between then conduction states. This disorder is an important part of the conduction process; it has been shown that disorder in the x orbital orientation is one of the primary reasons for the strong localization in ta-C [5] . It should also be noted that the conduction process discussed here is considerably different from the nearest neighbor hopping conduction in a-C proposed by Dasgupta et al. [17] .
An implication of this hopping conduction process is that the current conduction process will be highly heterogeneous. Consider a random resistor network model for ta-C. The lowest resistance connections between nodes will be those for which two long chains have similar n orbital orientations and are in close proximity. These will be relatively rare (optical absorption measurements suggest that only very few large 3-fold linkages can exist). The optimal current pathways must link up several of these rare low resistance pathways in order to propagate current completely through the film, which is the reason that large spatial variation in conductivity may be observed.
Finally, given the measured relationship between conductivity, AC3.fOld, and EA (Figs. 4.2 and 4.3) , it is possible to determine an estimate for a typical size of a 3-fold chain or linkage responsible for current conduction [18] :
where N is the number of carbon atoms in the chain or linkage, ~' is the relationship between activation energy and N, K is from Eq. 2, and CO is the initial carbon 3-fold concentration (prior to annealing). Using ~' = 0.5 En-z* = 10 eV/N, K = 100, CO = 0.3, and kBT = 0.025 eV, then we obtain N = 13 carbon atoms. It can be shown that thermal annealing at 400°C need only increase N from 13 to 14 (i.e. ripening of only one atom), and this would be sufficient to account for the approximate 35 times increase in electrical conductivity. In this estimate, a hypothetical form for ~' (based on 0.5 En.n*) was used; a detailed analysis using a functional form for~' which is more consistent with the measured activation energies is in preparation.
The nature of the electrical transport mechanism in tetrahedrally-coordinated amorphous carbon films was investigated by studying the dependence of the electrical conductivity on 3-fold carbon concentration and the change in conductivity and transport activation energy following thermal annealing. An exponential dependence of the electrical conductivity on changes in carbon 3-fold content was found, indicating a hopping conduction process. The activation energy for tran~po~-was found to decrease with annealing temperature, suggesting ripening of 3-fold linkages. The conduction behavior is best described by thermally activated conduction along 3-fold chains or linkages combined with variable range and variable orientation tunneling, primarily between the longest chains or linkages. This conduction process leads to heterogeneity in the current conduction pathways through the sample. 
V. E1ectron Emission Induced Modifications in Amorphous Carbon
The cold-cathode electron emission properties of amorphous carbon are promising for flatpanel display and vacuum microelectronics technologies. The onset of electron emission is typically preceded by "conditioning" where the material is stressed by an applied electric field.
To simulate conditioning and assess its effect, we combined the spatially-localized field and current of a scanning tunneling microscope tip with high-spatial-resolution characterization.
Scanning force microscopy shows that conditioning alters surface morphology and electronic structure. Spatially-resolved electron energy loss spectroscopy indicates that the predominant bonding configuration changes ftom predominantly fourfold-to threefold-coordination.
Amorphous carbon (a-C) films can be grown with variable amounts of threefold-and fourfold-coordinated C [1, 2] by pulsed laser deposition (PLD) [3] , cathodic filtered arc deposition [4] , or ion beam deposition [5] . a-C fihns grown at ambient temperatures exhibit high residual stress; thermal processing can be used to relieve the stress without significantly affecting the fourfold-coordinated C content [6] . The hardness and low friction of a-C films can be exploited for use as tribological coatings. a-tC fdms also exhibit very good cold-cathode electron emission characteristics under relatively low-field conditions [7] making them excellent candidates for applications in novel technologies.
To initiate emission, as-grown process in which a voltage is applied flat-panel display [8] and vacuum microelectronics [9] a-C fiIms typically require an electrical "conditioning" between the film and an anode to set up an electric field.
Ramping the voltage at high rates produces micro-discharges that cause significant morphological crater damage [7, 9] . It was recently shown [7] that low ramp rates can be used to initiate electron emission without any observable morphological damage using scanning electron . microscopy (SEM), however reduced secondary electron emission occurs in the emitting regions.
The threshold field for emission current in the initial voltage ramp is typically > 50% higher than that required after subsequent voltage ramps.
In order to elucidate the nature of potential emission sites further, we have simulated conditioning of a-C films by using the high, spatially-localized electric field and electron flux from a scanning tunneling microscope (STM) tip. We find that ramping the tip-sample bias and cument forms stable nanostructures on the order of the tip dimensions (-100 nm in extent).
These nanostructures reflect both changes in morphology and electronic structure, and their shape is related to the tip geometry. By combining scanning force microscopy (SFM) and spatially-resolved electron energy loss spectroscopy (EELS), we conclude that the nanostructures arise after an electron-induced transformation from predominantly fourfold-to threefoldcoordinated C. We infer that these changes are analogous to those that occur during the conditioning process for electron emission [7] .
The preparation of the a-C films was similar to that described previously [10] . For this study, -250 ~ thick a-tC films were grown by PLD from solid graphite onto highly-doped Si(111) substrates. 248 nm ultraviolet radiation from a KrF excimer laser was incident on the graphite target at an energy density of 27 J/cm2. Ambient pressure during fdm growth was< 10-7
Torr and the substrate temperature was S 50°C. The conditioning process was simulated and characterized with a Digital Instruments NanoScope III Scanning Probe Microscopy (SPM) system (STM and SFM) operated in air and a Perkin-Elmer Scanning Auger Microprobe (SAM).
Complementary measurements were made with a custom-built STM operated in ultrahigh vacuum [11] . The surfaces were conditioned by ramping the STM tip bias at regular points of a grid while scanning over a fresh surface region. The conditioned region was then characterized by re-scanning with the STM or by measuring the structure and other parameters, such as surface potential, with the SFM. Spatially-resolved Auger Electron Spectroscopy (AES) and EELS were also performed over the conditioned regions.
SFM images of as-grown a-C films show that the surfaces are very flat with a root-meansquare roughness of S 1 nm [12] . Local electronic spectra of the surfaces from current-voltage (I-V) characteristics acquired by STM indicate uniform surface electronic properties. To ensure clean surfaces prior to conditioning, the samples were ultrasonically cleaned in acetone and methanol followed by a 30s oxygen plasma etch to remove residual hydrocarbons and graphitic surface species, slightly increasing the roughness [12] . An STM image obtained after electrical conditioning is shown in Figure 5 .1. The (incomplete) grid pattern was created during the conditioning S@ scan where the feedback was disabled and the sample-tip bias was ramped from -1OV to +10 Vat each grid point over a 10 x 10 pmz region. Not every grid point appears to be modified presumably due to the details of the electric field stress at the location and time of its application. Representative I-V characteristics indicate that when the majority of nanostructures are formed, the tip-to-sample current reaches a value 2100 nA. When no change occurs, a significantly reduced forward current is observed. It appears that a sufficiently high electron f7ux is a key factor to create a change, likely the result of a breakdown in the resistance at the site where the elevated fieki is applied. In various runs with different tips, the shape of the modified structures changed, indicating a direct correspondence to the shape of the tip. Surface chemical composition and near-surface hybridization were probed with the SAM using an a-C film with a higher density grid to increase the sensitivity of the measurement. The conditioned regions could be identified by reduced secondary emission in the SEM mode [7] .
Spatially-resolved AES in these regions showed no evidence of impurities (< 0. Figure 5 .2a shows an STM image of a conditioned region; it is seen that a higher success rate for modification was achieved in the upper half of this high-density grid. Figure 5 .2b presents a 100 x 100 point overlay of EELS data (light gray) on the SEM image of the same region. The light gray in the overlay represents areas where the plasmon peak has shifted to lower energies. The plasmon shijl con-elates with the modified locations in Figure 5 .2a indicating that the conditioning is related to an This study demonstrates that the process of conditioning a-C fdms by electric field stress to induce emission can result in structural and electronic changes originating from a change from fourfold-to threefold-coordinated C bonding configurations. The basis of the thin film modification is local rebonding of C created by an electron beam flux of sufficient magnitude.
VI. Summary
This project set out to study the properties of a-C thin films for possible use in cold-cathode electron emission applications. For electrons to emit from an a-C film surface, they must transport from the film-substrate interface through the film to its surface. Further, the effective work function on the a-C surface must be low enough for electrons to leave the surface under modest applied electric fields. While these films can be grown by a variety of energetic techniques, we used pulsed-laser deposition (PLD) for our work. The laser energy density striking the graphite source target is directly related to the kinetic energy of the ablated carbon species used for fdm growth. Due to the limited nature of this program (one year), we focussed our study on the following topics:
1)
2)
3)
4)
Using Raman spectroscopy, we studied the nature of C-C bonding in a-C films as a function of PLD growth energetic.
Using x-ray reflectivity, we studied structural changes in a-C films resulting from postannealing experiments designed to simulate typical device processing conditions.
Performed electrical resistivity measurements to understand transport in a-C. Taken together with measurements of stress-relief which results from post-annealing, a model for conductivity is established.
Using scanning atom probes, we directly studied localized emission from a-C films. More importantly, we were able to simulate a process known as "preconditioning," necessary for emission from a-C films, and for the first time, established the structural changes in bonding that occur. 
